The aim of this study was to prepare and evaluate Ibuprofen (IBU) solid dispersion tablets with improved dissolution and less sticking using Porous Calcium Silicate (PCS). Solid dispersion granules were prepared using water-based solid dispersion and water-retained PCS with the wet granulation method and a high-speed agitation granulator. We attempted to use four binders [Hydroxypropylcellulose (HPC), dextrin, maltitol, and xylitol] to prepare the granules; however, HPC could not be used. After 1h of continuous tableting using a rotary machine, sticking was estimated by a visual inspection of all tablets and photographs of the upper punches with a digital camera. All prepared tablets demonstrated quick disintegration and dissolution. From the results of DSC and PXRD studies, IBU may exist in an amorphous form in the adsorption solid dispersion and the granules. From FT-IR studies, IBU appears to interact with PCS through a salt formation between the COO-groups of IBU and the Ca2+ ions of PCS. To investigate differences in binders on the sticking problem, DSC, NIR spectra, and bulk density were measured. From these results, we speculated that the primary localization of the specific binder in the PCS pores may differ among binders, with this localization affecting the sticking property.
Introduction
Solid dosage forms are defined as drug delivery systems that are presented as solid dose units [1] . Tablets are the most popular and preferred drug delivery vehicles. Thus, tablets represent the first choice of dosage form for new drug candidates. Tablets are manufactured using a high-speed rotary tableting machine; however, sticking or picking is a common problem encountered during tablet compaction. Sticking is a phenomenon where part of the tablet attaches to the surface of the punch or detaches, resulting in a clouding or an indentation of the tablet surface. It has been reported that sticking may be due to excess water in the powder [2] , an insufficient amount of lubricant [3] , an excessive amount of binder [4] , melting of drugs with low melting points [5] , or punch surface conditions [6, 7] .
Ibuprofen (IBU) is often administered as a solid oral dosage form with a high dose (200-800 mg) [8] . However, IBU displays poor compaction behavior and has a high prevalence for sticking [9] . Aoki and Danjo suggested that the degree of sticking of a particular IBU formulation increases with increasing compression speed and decreases with increasing compression force [10] . This may be attributed to the low melting point of IBU, which is 72 °C -75 °C [6, 11] . To prepare tablets, the direct compression, dry granulation, and wet granulation methods are well known. To obtain high economic efficiency, the direct compaction method is typically the preferred production method [12, 13] . Several studies have reported methods to improve the tableting behavior of IBU [9, 14, 15] . However, as IBU has poor compressibility, it is difficult to prepare IBU tablets containing the proper drug content (about 30%) using the direct compression method [16] . Thus, IBU formulations often have to be granulated [9, 17] . Recently, the nanocoating of IBU powder particles with various excipients, such as fumed silica or magnesium stearate [18, 19] , have been reported. In these studies, powder flowability and tablet ability were improved, but the tendency for sticking was not investigated.
IBU is a type of Biopharmaceutics Classification System class II drug (aqueous solubility<0.1 mg/ml) [20] . Various techniques, such as particle size reduction, crystal habit modification, complexation, solubilization, solid dispersion in carriers, and salt formation, have been employed to improve the aqueous solubility of class II drugs [21] . Solid dispersion is achieved by spray-drying [22, 23] , hot-melt extrusion [24, 25] , supercritical fluid [26] , and cryogenic freezing technologies [27] . However, these technologies are limited in their ability to scale-up [28] [29] [30] [31] .
The solvent evaporation method is a manufacturing technique used to prepare solid dispersion [32] . The solid dispersion of a drug is generally prepared by dispersion in a water-soluble carrier. Polyethylene glycols, Hydroxypropyl Methylcellulose (HPMC), Poloxamer, and Polyvinylpyrrolidone (PVP) are widely used as solid dispersion carriers because of their strong hydrophilic properties and ability to form molecular adducts with many compounds [31, 33] . Recently, the preparation of surface solid dispersion has been reported [34, 35] . Unlike conventional solid dispersion, the carriers used in surface solid dispersion are water-insoluble and porous materials with hydrophilic properties. Silica gel and calcium silicate have large surfaces attributed to their highly porous structure. Several studies have reported methods to improve the solubility of poorly water-soluble drugs [36] [37] [38] [39] . Porous Calcium Silicate (PCS) possesses many interparticles (12 µm) and intraparticle (0.15 µm) pores on its surface, and has been used as a liquid absorber and a compressive Page -02
adjuvant of powders for tableting [40] . PCS is also used as a carrier of solid dispersion for improving the dissolution of poorly water-soluble drugs [38] [39] [40] [41] . We previously reported the development of solid dispersion tablets by the simple and manufacturable wet granulation method using PCS [42, 43] .
The purpose of the present study was to obtain a solid dispersion IBU product with improved solubility and less sticking. The influence of drug-PCS ratios on the interaction between IBU and PCS was also studied. It is difficult to determination whether the drug or the excipient is present as a crystalline particulate or an amorphous particulate dispersion. Therefore, Differential Scanning Calorimetry (DSC), Fourier-Transformed Infrared (FT-IR) spectroscopy, Fourier-Transformed near Infrared (FT-NIR) spectroscopy, and X-ray diffractometry were employed to determine how the drug is dispersed within the matrix and to study the nature of the molecular interactions in the IBU-PCS system.
Materials and Methods

Materials
Ibuprofen (IBU) and PCS (Fluorite ® RE) were purchased from Nissin Pharma Inc. (Tokyo, Japan) and Tomita Pharmaceutical Co. Ltd. (Tokushima, Japan), respectively. Hydroxypropyl Cellulose (HPC-L, HPC), xylitol, and dextrin were obtained from Nippon Soda Co. Ltd. (Tokyo, Japan), Towa Chemical Industry Co. Ltd. (Osaka, Japan) and Mitsubishi-chemical foods corporation (Tokyo, Japan), respectively. Crospovidone and magnesium stearate were purchased from BASF Japan Co. Ltd. (Tokyo, Japan) and TAIHEI Chemical Ind. Co. Ltd. (Osaka, Japan), respectively. Other reagents were of analytical grade and were used without further purification.
Preparation and evaluation of granules using the wet granulation method
Water was added to PCS in the vessel of the granulating machine and mixed for 5 min with the granulator at 200 rpm with an agitator and 3000 rpm with a chopper (High-Speed Mixer LFS2, EARTHTECHNICA Co. Ltd. Tokyo, Japan). IBU was then added to the water-retained PCS and mixed for 15 min. Binder was then added to the mixture to prepare the granules, and the end-point of the granulation was determined visually. After drying at 70 °C for 12 h, the granules were pulverized in a speed mill (Okada Seiko Co. Ltd. Tokyo, Japan). Particle size distribution of the obtained granules was measured by laser diffraction and the scattering method using a dry module (LS 13 320, Beckman Coulter, Tokyo, Japan).
The bulk density and tapped density of granules were measured according to method 1 (measurement in a graduated cylinder) of the determination of bulk and tapped densities in Japanese Pharmacopoeia 17. Compressibility (%) was calculated by the following equation:
Compressibility % = tapped density -bulk density / tapped density x 100
Carr's fluidity index was calculated with the point scores as previously described [44] . The angle of repose was measured using a protractor for the heap of granules formed by passing 10.0 g of the sample through a funnel at a height of 8 cm from the horizontal surface. The angle of spatula was measured using a protractor and a steel spatula with a blade. The spatula was inserted to the bottom of the heap that was carefully built by dropping the granules through a funnel at a height of 8 cm from the horizontal surface. The spatula was then vertically withdrawn, and the angle of the heap formed on the spatula was measured as the angle of spatula.
The granule size parameter (e.g. D10, D50, D60 and D90) was measured using laser diffraction and the scattering method. Uniformity coefficient was calculated from the following equation:
Preparation of the adsorption solid dispersion and physical mixture Water (100.0 g) was added to PCS (50.0 g) and mixed for 5 min. IBU (75.0 g) was then added to the PCS-retained water and mixed for 15 min with the granulator at 200 rpm and with an agitator at 3000 rpm with a chopper. Adsorption Solid Dispersion (ASD) was prepared after drying the powder at 70
°C for 12 h in a drying oven. The Physical Mixture (PM) was prepared by mixing IBU (7.5 g) and PCS (5.0 g).
Preparation and evaluation of tablets
Granules were mixed with crospovidone and magnesium stearate at 25 rpm for 10 min using a V-model mixer (S-5, Tsutsui Scientifical Ind. Tokyo, Japan). These mixtures were then compressed using a rotary tableting machine (EX-SS15, Hata-tekkosho Co. Ltd. Kyoto Japan) with 10-mm diameter bi-convex punches at a rotating speed of 25 rpm. All batches of tablets weighed 400 mg and the target compression load for each batch was about 500 kg.
The bulk densities of the granules were measured according to the method 1 (measurement in a graduated cylinder) to determine the bulk and tapped densities in Japanese Pharmacopoeia 17 (JP 17). To estimate the localization of IBU and binder in PCS, bulk densities of the adsorption samples were measured with the same method.
The hardness of the tablets was measured by the diametric compression method with a PC-30 (Okada seiko Co. Ltd. Tokyo, Japan). Ten tablets were tested in each batch, and mean values were calculated. The disintegration times of six tablets from each batch were measured individually in purified water at 37 °C ±0.5 °C using a JP 17 apparatus (NT-2HS, Toyama Sangyo Co. Ltd. Osaka, Japan), and mean values were calculated.
After 1 h of continuous tableting, the sticking problem was estimated by two methods. One was the visual inspection of all tablets, while the other was the examination of photographs of the upper punches with a digital camera.
In vitro dissolution
In vitro dissolution tests were performed using a JP 17 apparatus (NTR-6200, Toyama Sangyo Co. Ltd. Osaka, Japan). One tablet containing IBU was placed in double distilled water (900 mL) at 37 °C ±0.5 °C at 50 rpm. The amount of dissolved IBU was determined spectrophotometrically using a double beam spectrophotometer (UV-1280, Shimadzu Corporation, Kyoto, Japan) at 264 nm. The dissolution studies were carried out in triplicate for each batch, and the mean values were calculated. Ten tablets were ground to estimate ISSN: 2327-204X the IBU content in each tablet, with the ground powder equivalent to 10 mg of IBU, which was accurately weighed and dissolved in methanol. After suitable dilution with methanol, IBU was analyzed by a spectrophotometer.
Powder X-Ray Diffraction (PXRD)
PXRD analysis was performed with Cu K-ALPHA1 radiation, a voltage of 40 kV, and a current of 200 mA (RINT-2000, Rigaku Corporation, Tokyo, Japan). The scan rate was 5°/min over a 2θ range of 5-70°, with a sampling interval of 0.02°.
Fourier-Transformed Infrared (FT-IR)
FT-IR studies were carried out using a FT/NIR-IR spectrometer (PerkinElmer Frontier, Perkin Elmer Japan Ltd. Kanagawa, Japan). Samples were directly measured using the ATR module. Each sample reading averaged 16 individual spectra at a resolution of 4 cm -1 and was scanned over the region 400-4000 cm -1 wave numbers.
Fourier-Transformed Near Infrared (FT-NIR)
FT-NIR measurements were performed using a FT-IR/NIR spectrometer with an InGaAs detector. Samples were directly measured using a Reflectance Accessory (NIRA). Each sample reading averaged 32 individual spectra at a resolution of 4 cm -1 and was scanned over the region 4000-10000 cm -1 wave numbers.
Differential Scanning Calorimetry (DSC)
DSC analyses were performed using an automatic thermal analyzer (DSC-60 Plus, Shimadzu Corporation, Kyoto, Japan) and indium standard for temperature calibrations. Holed aluminum pans were employed in the experiments for all samples and an empty pan, prepared in the same way, was used as a reference. Samples (3-6 mg) were sealed in the aluminum pans, and heating curves were recorded using a constant heating rate of 5 °C /min from 25 °C to 200 °C .
Results and Discussion
Optimization of PCS:IBU and estimation of interaction between PCS and IBU
In order to obtain the optimum PCS:IBU ratio for the preparation of solid dispersion tablets, the DSC thermograms of different IBU adsorptions with PCS at different PCS:IBU ratios (1:1, 1:1.5, 1:2 and 1:2.5) were measured (Figure 1a ). IBU exhibited a melting endotherm at 76
°C . An endothermic peak due to the melting of the drug was observed in the samples of PCS:IBU (1:2 and 1:2.5). However, this peak was not observed in samples of PCS:IBU (1:1 and 1:1.5). These findings indicate a certain degree of IBU crystallinity loss in the samples. This loss of crystallinity may be due to several reasons, with the main one being that the dilution effect resulted from the increase in PCS. Accordingly, the crystalline IBU in the PM was determined to further investigate the dilution effect. Endothermic peaks were observed in all PMs; areas under the melting curves decreased in the PMs with increased amounts of PCS compared with IBU (Figure 1b) . From these results, IBU may be present in an amorphous state in samples of PCS: IBU (1:1 and 1:1.5).
To investigate the potential interactions between IBU and PCS, FT-IR spectra of PCS with and without IBU loading were measured and are shown in (Figure 2 ). IBU contains an acid carboxyl group, and the IR spectrum of pure IBU showed a characteristic peak at 1720 cm -1 (acid C=O stretching). In contrast, the adsorption sample (PCS:IBU = 1:1.5) showed a new absorption at 1549 cm -1 . This peak shift was also observed in the PM. Guo et al. investigated the interaction between calcium silicate hydrate and IBU [45] , and reported that the Si-O stretching vibration at 975 cm -1 of calcium silicate hydrate shifts to 1083 cm This interaction was observed not only in ASD but also in PM.
Preparation of PCS granules and tablets
Because of the low density of PCS it is difficult to use in the manufacture of solid formulations. To prepare tables, it is essential that granules with a large density containing PCS are prepared. Hirai et al. and Fujimoto et al. have suggested that the wet granulation method [42, 43, 46] , using saccharide and xylitol, is effective for improving the PCS property of a small specific gravity. In this study, IBU granules were prepared using four binders (HPC, dextrin, xylitol, and maltitol), and the formulations of the granule, granulation times, bulk densities, and particle size distribution were determined and are listed in (Table 1) . The values of D10, D50 and D90 in PCS were 14.00, 32.68 and 50.39, respectively. These values were similar to the correspondence values of formulation A and B. Therefore, in case of agitation granulation using PCS as an excipient, it was considered that HPC did not function as a binder. On the other hand, granules were formed when using dextrin, maltitol, and xylitol. From these results, low molecular weight binders such as oligosaccharides (dextrin) and sugar alcohols (xylitol, maltitol) were found to be useful for the preparation of granules containing PCS. Carr's fluidity index of all of the prepared granules was more than 80, and the fluidity of each prepared granule was considered good and similar (Table 2) . Good fluidity of granules can be attributed to the property of PCS as a fluidizing agent.
Pronounced sticking is the most problematic obstacle in the preparation of IBU tablets. In addition, the sticking becomes worse over the runtime of tableting because of the temperaturedependent mechanism of IBU. For a quantitative evaluation of sticking, measurement of surface roughness [47] , scraper pressure [5] , and ejection force have been reported [48] . In this study, we used two methods to determine the sticking of IBU tablets. After 1h of continuous tableting, the first method was the visual inspection of all tablets, and the second method was the examination of photographs of the upper punches with a digital camera.
The state of the upper punch surface after tableting granules containing different binder is shown in (Figure 3 ). When the granules contained xylitol, a layer of powder was observed near the center of the punch. However, this layer of powder was not observed when the granules contained dextrin or maltitol. From the visual inspection, no defects were observed on the tablets after tableting with granules containing dextrin and maltitol. However, with xylitol, sticking was observed in 7.2% of tablets (Table 3) . When the concentration of xylitol was increased by two-fold, sticking was not observed (data not shown).In this study, we did not investigate the changes of the petal-like structure of PCS with the wet granulation method. But, it was possible to prepare tablets with high hardness (more than approximately 18 kgf) in low pressures (500 kg). This phenomenon suggested that an excellent formability of PCS cause by its petallike structure was not influenced through agitation granulation. Therefore, it was considered that the petal-like structure of PCS was not influenced with the wet granulation method.
Dissolution test
PCS has been used to improve drug dispersion and dissolution of tablets [40] [41] [42] [43] 49] . Our results of the dissolution study from the IBU tablets are shown in Figure 4 . The raw material of IBU did not elute into the water for the most part, and the dissolution of IBU from the tablets and the PMs of tablet formulation containing PCS were good. Dissolution from the tablet prepared with dextrin was the lowest among the binders used in this study. These results suggested that the adhesion force of dextrin may be stronger than that of the other binders. Based on these results, PCS appears to be activated by water and functions to improve the dissolution of IBU in water. A process that uses high-speed agitation granulation to produce granules is crucial since IBU in the tablets eluted faster than from a bulk. Figure 5 shows the PXRD patterns from the ASD and the PM of Formula C in Table 1 . X-ray diffraction peaks due to IBU crystals in the ASD were not observed. However, X-ray diffraction peaks in the PM were observed. Figure 6 shows the DSC thermograms of PCS-IBU granules with Dextrin (a), Xylitol (b), and Maltitol (c), respectively. IBU exhibited a melting endotherm at 76.13
Evaluation of IBU and binders in the granules
°C . The melting endotherm of IBU was not observed in any PCS-IBU granule. From the results of PXRD and DSC, IBU may exist in an amorphous state in the granules prepared with PCS. Figure 7 shows the FT-IR spectra of obtained granules in this study. The acid C=O stretching at 1720 cm -1 of IBU in the granules shifts to near 1550 cm -1 on each granule, and the C=O stretching vibration of IBU does not shift, and similar phenomenon has been reported by Guo et al. [45] . Accordingly, state of IBU in the granules via the wet granulation method were considered the ionic state (a salt formation between the COO -groups of IBU and the Ca 2+ ions of PCS) similar to ASD. From these results, quick dissolution of IBU from tablets in this study may have been caused by both of amorphization due to solid dispersion and ionization due to the interaction of IBU with calcium on PCS.
On the other hand, the effect of PCS on the melting endotherm of the binder was different. The melting endotherm of dextrin was not observed (Figure 6a) , because dextrin is a high molecular weight compound (average M.W. =26000). In the samples of xylitol (Figure 6b ) and maltitol (Figure 6c) , the melting endotherms of the compounds in the PMs were the same as the pure compounds. However, the melting endotherms of xylitol and maltitol in the granules shifted to lower temperatures with broadening. These results suggest that the interaction may be a hydrogen bond that exists between PCS and the binders. To further determine this, FT-NIR measurements were carried out.
NIR spectra were measured to investigate potential interaction between PCS and the binders. The presence of a hydrogen bond-based interaction was confirmed using NIR spectroscopic investigations. Figure 8a shows the influence of the binder on the spectral data of PCS. The spectrum of pure PCS displayed a characteristic peak at 5225 cm -1 (H 2 O hydrogen bonded with -Si-OH) (Figure 8a ). Dextrin also displayed a peak at 5169 cm -1 , but other samples did not display this peak. The dextrin peak was considered in that H 2 O hydrogen bonded with the hydroxy groups of the glucose unit and was assigned accordingly. NIR spectra of PCS-IBU granules with dextrin, xylitol, and maltitol are shown in Figure 8b . The peak at about 5220 cm -1 was also observed in the raw dextrin samples. These results suggested that the peak at about 5200 cm -1 in the granule samples using dextrin may result from the -OH in dextrin. To remove the baseline shifting and improve peak resolution, a second derivative of the NIR spectra was obtained. Although the peak intensity at 5220 cm -1 decreased with the granule in the granules with dextrin compared with the PM Figure 9a , the peak forms were almost the same between the granules and the PM. However, the peak intensity at 5220 cm -1 decreased in the granules with xylitol and maltitol Figure 9b and 9c, particularly with xylitol. From these results, the intensity of the hydrogen bond between PCS and the binder may be xylitol>maltitol>dextrin.
PCS possesses many interparticle (12 µm) and intraparticle (0.15 µm) pores on its surface [40] . Binders with a large intensity of hydrogen bonds may be able to distribute into the pores of PCS to a greater extent. In addition, it is considered that the distributed portion in the PCS pore depends on the molecular weight of the binder. From these considerations, xylitol (M.W.=152.15) may distribute into the deep portion of the PCS pore, while dextrin (average M.W.=26000) likely distributes on the surface portion of the PCS pore, while maltitol (M.W.=344.31) likely distributes in the middle portion of xylitol and dextrin. To investigate the main distributed portion of the binder in the PCS pore, the bulk density of the adsorption and granule sample was measured. If the bulk density (g/mL) of the sample (A) was larger than that of the sample (B), the sample (A) likely distributes on the surface portion of the PCS pore compared with the sample (B). The value of the bulk density of PCS is 0.062. The bulk densities of the other samples are listed in (Table 4) . The values of dextrin granules, xylitol granules, and maltitol granules (same weight was PCS) were found to be 0.400, 0.345, and 0.385, respectively. The bulk density of the adsorption and the granules was dextrin>maltitol>xylitol. The IBU contents in dextrin, maltitol, xylitol, and IBU adsorption samples were the same. These results strongly support that xylitol mainly distributes to the deep portion of the PCS pores, with dextrin mainly distributed to the surface portion of the PCS pores, and maltitol Table 4 : Change of bulk density on the process in this study.
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distributed to the middle portion of xylitol and dextrin. From these results, the distributed portion of the binder in the PCS pore may affect the sticking property.
Conclusion
Solid dispersion granules were prepared with water-based solid dispersion using PCS property and wet granulation methods. The granules were prepared with dextrin, maltitol, and xylitol as binders, but HPC was not able to be used as a binder. Sticking was not observed with preparations containing dextrin and maltitol, but sticking was observed with xylitol. All prepared tablets demonstrated quick disintegration and dissolution. From DSC and PXRD studies, IBU may exist in an amorphous form in the ASD and the granules. From FT-IR studies, IBU may interact with PCS through a salt formation between the COO -groups of IBU and the Ca 2+ ions of PCS. Therefore, quick dissolution of IBU from tablets in this study may have been caused by both of amorphization due to solid dispersion and ionization due to the interaction of IBU with calcium on PCS. Furthermore, from the results of DSC, NIR, and the bulk density of the binders, the main distributed portion of the specific binder in the PCS pores may differ among dextrin, maltitol, and xylitol, and this distribution in the PCS pore may affect the sticking property.
